Introduction
The structural complexity and variations of habitat are known to have significant effects on populations and can shape behavior, morphology, and life history traits (Brown and Braithwaite 2005 ). An animal's perception of habitat, environment, and its variations is important, and allows it to be equipped to deal with chemical cues of danger that might arise in the environment. Perception of chemical cues can potentially increase survival, allowing individuals to avoid a threatening situation. This is a well-known phenomenon related to prey-predator systems (Chivers and Smith 1998; Korpi and Wisenden 2001) .
In fish, several types of chemical cues have been reported as released and perceived by conspecifics leading to defensive responses. These responses include changes in behavior (Chivers and Smith 1998) and induction of stress responses (Pfeiffer and Lamour 1976; Rehnberg and Schreck 1987; Toa et al. 2004; Barreto et al. 2010; Sanches et al. 2015) . One type of threatening chemical cues is called disturbance chemical cues, which are defined as cues released in the water by non-injured fish in stressful contexts (Barcellos et al. 2011) , including nonlethal prey-predator encounters (Jordão and Volpato 2000; Barcellos et al. 2014) .
Several questions regarding communication via disturbance chemical cues remain unexplored. One such question is: does the stressor that lead to the release of a disturbance chemical cue modulate behavioral responses of the receiver fish? Based on observations of other types of threatening chemical cues, we hypothesized that different forms of chemical communication, such as exposure to water conditioned with chemical cues released by chemically or physically stressed fish or cues from fish experiencing acute fasting or chronic food restriction, can cause stress in receiver Abstract In fish, defensive reactions are induced by different chemical cues that emanate from sense-related stresses [physical, chemical, and visual (visual contact with predator) ] or food stresses (acute fasting and chronic food restriction). Using a shuttle box with a two-chamber unmixed laminar flow that allowed fish to remain or flee from a chemical cue, we showed that the avoidance response depended on the type of the chemical cue. We show that zebrafish (Danio rerio) retreated from water conditioned with chemical cues released by chemically or physically stressed fish and acutely fasted fish, but not from water with cues from fish experiencing visual contact with predatory fish or fish suffering from chronic food restriction. Our data reinforced the hypothesis that fish use a combination of information and the context of the situation to determine their evasion strategy. (Schwarze et al. 2013; Sabet et al. 2015) .
Keywords
A new methodological paradigm allows us to address this question. The use of a two-chamber shuttle box with unmixed laminar flow in the chambers allows fish to remain or flee from a chemical cue (Readman et al. 2013; Abreu et al. 2016) . Thus, to answer our question, we investigated zebrafish (Danio rerio) behavior in response to exposure to disturbance chemical cues produced by conspecifics experiencing various stressors. We used this species as an animal model because they respond to disturbance chemical cues (Hussain et al. 2013 ) and have been used as an animal model for research for over three decades in various disciplines, including physiology, toxicology, genetics, embryology, metabolism, oncology, neuroscience, cardiovascular studies, and the study of neurodegenerative diseases (Barbazuk et al. 2000; Mueller et al. 2004; Alsop and Vijayan 2009; Egan et al. 2009; Howe et al. 2013 ).
Materials and methods

Subjects
The stock population of 200 adult, wild-type zebrafish of the short-fin (SF) strain, weighing 0.65 ± 0.1 g, was housed in a tank. One hundred fish were placed in ten tanks (ten fish per tank) for the preparation of conditional water and the other half was used for the analysis of individual perception in the apparatus (Fig. 1) . All fish were supplied constant aeration and biological filtering under a natural photoperiod (approximately, 14 h light:10 h dark). The water was maintained under the following conditions: temperature = 27 ± 1 °C; pH = 7.0 ± 0.2; dissolved oxygen = 6.3 ± 0.5 mg L CaCO3.
Experimental strategy
We conducted a two-choice experiment, where the tested fish could choose between clean or conditioned water (with a test disturbance substance). We used an experimental apparatus (Fig. 1a) that consisted of an acrylic tank with two separated compartments of unmixed laminar flows of 2 L min −1 (Abreu et al. 2016) , and fish could move between these compartments. Confirmation (via gentian violet dye) of unmixed laminar flux for all types of conditioned water is shown in Fig. 1b .
Physical stress, chemical stress, and visual contact with a predator
The goal of this study was to determine if fish decide to evade conditioned water (physical stress, chemical stress, visual contact with a predator-detailed in Table 1 ) and preferentially seek clean water. Fish were individually tested by placing one into an experimental apparatus, distributed into five treatments (ten fish treatment −1 ; see Table 1 ).
Food deprivation stress
The goal of this study was to determine if fish decided to evade conditioned water (cues from fish experiencing acute fasting, chronic food restriction, or normal nutrition; detailed in Table 2 ) and preferentially seek clean water. Fish were individually tested by placing one fish into the Each compound was stained with a violet indicator to visually follow the progression of the compound. b1 Negative control, b2 positive control (pH 3), b3 physical stress, b4 chemical stress, b5 contact visual predator, b6 fish in normal nutritional status, b7 fish experiencing acute fasting, and b8 fish experiencing chronic food restriction experimental apparatus, distributed in five treatments (ten fish treatment −1 ; see Table 2 ).
Experimental procedures
Individual fish were transferred from the holding tank to the recording apparatus and were acclimated for 150 s. Next, a continuous dose of the test compound was injected into one of the compartments for 150 s. Clean water and conditioned water were alternated between the right and left section of the apparatus among tests to avoid any possible laterality bias caused by a fish preferring to stay on either the left or right side. All fish examined during the test enter in the conditioned side, which guarantee contact with the conditioned water. Thus, thereafter the absence of fish permanency on the conditioned side indicated avoidance of the treatment. After each test, the apparatus was thoroughly washed with water to remove any residual test substance. The location and activity of fish with access to both the treated and untreated sections were recorded with a video camera for the entirety of the experimental period (Abreu et al. 2016 ). The video camera was positioned directly above the apparatus. The analysis of video recordings of individual fish was performed using AnyMaze ® video monitoring system (Stoelting, CO, USA), for both the acclimatization periods (approximately 150 s) and 150 s of exposure. For assessment, the following parameters were collected per test (for clean water and treatments), number of crossings, total distance traveled, mean speed swimming, absolute turn angle, and rotations.
Statistics
The homogeneity of variance and normality were assessed by Hartley and Kolmogorov-Smirnov tests, respectively. Wilcoxon matched-pairs test was conducted to compare subjects' permanency time between compartments. The total number of crossing between compartments, total distance traveled, mean speed swimming, absolute turn angle, and rotations were compared by Kruskal-Wallis test followed by Dunn's post hoc test. Differences were considered statistically significant at p < 0.05.
Results
Physical stress, chemical stress, and visual contact with a predator Figure 2 shows the time spent in the conditioned and clean lanes, and the pre-trial analysis (initial 150 s) before the influx of cues, indicating that attraction or aversion began at the moment of conditioned water influx. In the control (with clean water in both lanes), no preference was detected (p = 0.6953), whereas in the positive control, zebrafish showed a clear aversion to pH 3 (p = 0.001). Fish perceived water conditioned to a pH of 3 (p = 0.001), disturbance cues from chemically stressed fish (p = 0.0039), and disturbance cues from physically stressed fish (p = 0.0313) as aversive stimuli. Attraction or aversion was not detected for any other treatment. Table 3 ), and absolute turn angle exhibited differences (chemical stress, Table 3 ). The number of crossings were different for the fish in the pH 3 conditioned water (Table 4) . Figure 3 shows the control (with clean water in both lanes), in which no preference was detected (p = 0.6953), whereas in the positive control, zebrafish showed a clear aversion to pH 3 water (p = 0.0010). Fish perceived only the water conditioned by fish fasted for 48 h (p = 0.0020) as an aversive stimulus. Attraction or aversion was not detected for any other treatment.
Food deprivation stress
No significant differences were detected for distance traveled, mean speed (pH 3, Table 5 ), absolute turn angle, and rotations (Table 5 ).The number of crossings was significantly different for the pH 3 positive control (Table 6 ).
Discussion
Herein, we showed that zebrafish avoided water conditioned with chemical cues released by chemically or Fish acutely stressed (predator display) 25.85 ± 4.9 27.55 ± 4.11 physically stressed fish and by water from acutely fasted fish (disturbance chemical cues). However, the disturbance chemical cues released by a conspecific fish in visual contact with a predator did not elicit any response in terms of evasion or permanency. The protocol and apparatus for this chemotactic preference test were first validated in an assessment of fish aversion to anesthetics and drugs (Readman et al. 2013; Abreu et al. 2016) . We demonstrated that pH 3 decreases the distance and mean speed, effects that had not been previously observed (Abreu et al. 2016) , possibly the highest number of experimental groups in relation to this study and to detect a difference there is the need for a stronger effect. The aversive behavioral (avoidance or attraction) paradigm has been used to determine aversive experiences with tests using aversion measures, such as the percentage of time spent in conditioned or clear water. These behaviors are simple and objective measures that are easily quantifiable using fish models for preference or avoidance (Pelkowski et al. 2011) . Thus, our methodology was reliable in the detection of fish evasive reactions to chemical stimuli.
Both aversion and permanency responses present intriguing results. We hypothesized that water from physically and chemically stressed fish and fish experiencing acute fasting would elicit an avoidance behavior in conspecifics because the information is direct. In fact, physical and chemical stress and acute fasting information did not need a specific context or lead to the release of a greater amount of the cue. The communication of the stressful situation has already been described in fish (Toa et al. 2004; Barcellos et al. 2011; Oliveira et al. 2013 ). Thus, physical and chemical stresses were communicated chemically in the water and were able to stress the fish in the apparatus. It is known that the simple introduction of water from stressed fish (sender) is capable of eliciting a complete stress response in the receiver fish, generalizing the stress response (cortisol increase) to all fish reared in tanks in a recirculating system (Barcellos et al. 2011) . We hypothesized that visual contact with a predator was not detected as an aversive stimulus because numerous predators use prey movement as a visual key to locate the prey and attack (Lima and Dill 1990; Burrows 1994; Burrows and Gibson 1995) . Because the predator was not in the same aquarium as the test fish, an effective attack could not occur, and prey did not perceive the situation as life threatening.
Fasting induces change in some aspects of fish metabolism and endocrinology (Barcellos et al. 2010; Rossi et al. 2015) , and production and reaction to alarm substances (McCormick and Larson 2008; Barreto et al. 2012) . The mobilization of energy reserves from carbohydrates, lipids, or proteins could produce some metabolites that are excreted into the water (Jayaram and Beamish 1992; Lauff and Wood 1996; Wilkie 2002) . Fasting promotes the release of the secretogranin II (SGII) precursor, which acts in neuroendocrine cells to stimulate the release of luteinizing hormone and increase locomotor behaviors in fish (Trudeau et al. 2012) . Conversely, in chronic fasting, increased utilization of select tissue fatty acids in liver and muscle, increased plasma triglycerides, and decreased liver glucose and glycogen are observed (Pujante et al. 2015) . However, chronic fasting trout did not significantly affect protein catabolism in peripheral tissues, indicated by reductions in the level of serum amino acids (Baumgarner and Cooper 2012) . In addition, chronic fasting significantly increased pituitary GH expression, contrary to stress, which suppresses this axis (GH) (Malandrakis et al. 2016) , suggesting that fish easily adjust their metabolism under situations characterized by chronic fasting. Furthermore, cortisol plays a crucial role in this fasting-induced energy mobilization (Wendelaar Bonga 1997; Mommsen et al. 1999) and is excreted to water via urine, bile (Vermeirssen and Scott 1996) , and feces (Turner et al. 2003) . Thus, it is plausible that fasted fish release chemical cues that are interpreted by conspecifics as threatening, unsafe, and/or undesirable situations.
Despite the ecological relevance of chemical communication of risk or stressful situations among fish, we found that an isolated fish without any specific context did not react to the majority of the classical chemical cues, especially those related to predator-prey relationships. Our data reinforced the hypothesis that fish use a combination of different information and the context of the situation to determine their evasion strategy.
